(eYFP) were fused to the carboxyl terminus of each of centration of cAMP, block by L-cis-diltiazem, and modulation by Ca 2ϩ /calmodulin (Table 1) . Only channels conthe CNG channel subunits. To determine the stoichiometry of the heteromeric channels, we have performed two taining CNGA4 are activated appreciably by 5 M cAMP, only channels containing either CNGA4 or CNGB1b are kinds of experiments: (1) we have determined the ratio of CNGA2:CNGA4 and CNGA2:CNGB1b subunits by diblocked appreciably by 100 M L-cis-diltiazem, and only rectly quantifying the eCFP and eYFP fluorescence in channels containing both CNGA4 and CNGB1b are modthe surface membrane, and (2) we have determined ulated rapidly by Ca 2ϩ /calmodulin. which subunits coassemble into the same channel comTo determine the properties of the channels formed plex by measuring the FRET between eCFP on one subwith each of the different RNA combinations, we reunit and eYFP on another subunit. These experiments corded from the channels using the inside-out configushow that the assembly of heteromeric olfactory chanration of the patch-clamp technique. Each of the RNA nels is precise. The CNGA4 and CNGB1b subunits were combinations produced functional channels that dispresent in only a single copy when expressed individuplayed the signature properties expected for a nearly ally with CNGA2 or when all three subunits are present.
pure population of channels with the expected composiFurthermore, when expressed by themselves, CNGA4 tion ( Figure 1 ). In particular, all of the heteromeric chanand CNGB1b were present at low levels at the memnels were blocked appreciably by 100 M L-cis-diltiabrane surface but did not self-assemble. These results zem, indicating that few, if any, CNGA2 homomeric reveal the subunit stoichiometry of the heteromeric channels were formed under these conditions (Figure channels to be two CNGA2 to one CNGA4 to one CNGB1b 1A, green trace). In addition, only channels from the subunit and suggest a plausible mechanism for their CNGA2ϩCNGA4 and CNGA2ϩCNGA4ϩCNGB1b comprecise assembly. calmodulin modulation data, for example, we estimate that at least 95% of the functional channels from the CNGA2ϩCNGA4ϩCNGB1b combination must contain copy. This approach has the advantage that fluorescence could be measured in intact cells from only the mature, properly assembled channels expressed in the to the number of eCFP-tagged subunits. The ratio of eYFP fluorescence to eCFP fluorescence will thus be surface membrane.
We first determined the ratio of different subunits in proportional to the ratio of eYFP-tagged subunits to eCFP-tagged subunits. To correct for different excitathe surface membrane using a new method we have called fluorescence intensity ratio (FIR). With the FIR tion laser intensities and different extinction coefficients and quantum yields of the fluorophores, a similar meamethod, eCFP is fused to one subunit and eYFP is fused to another subunit. eCFP was excited with a 458 nm surement is made with eCFP and eYFP exchanged between subunits, putting eCFP on the subunit that used laser, and eYFP was excited with a 488 nm laser. The intensity of the eYFP fluorescence will then be proporto have eYFP and vice versa. By comparing the two fluorescence ratios, one can calculate the correction tional to the number of eYFP-tagged subunits, and the intensity of the eCFP fluorescence will be proportional factor to account for the different intensities of the indi- channels was proposed to be 2:2 with an A2-A2-A4-A4 arrangement (Shapiro and Zagotta, 1998). While the CNGA2ϩCNGA4 channels do contain neighboring CNGA2 were used, the subunit ratio CNGA2:CNGA4 in the memsubunits as predicted, only a single copy of the CNGA4 brane increased steeply above 3. This reflects the formasubunit is present per channel, suggesting that the dition of homomeric CNGA2 channels at these high RNA mers were not incorporated as expected in the intact ratios. The dependence of the subunit ratio on the RNA channel.
ratio is consistent with a model where all of the CNGA4 The CNGA2:CNGA4 ratio in the membrane was calcusubunits preferentially assemble into CNGA2ϩCNGA4 lated from oocytes with different ratios of injected RNA. channels with a stoichiometry of 3:1, and only excess A subunit ratio of 3 was determined over a range of RNA CNGA2 subunits assemble into homomeric CNGA2 ratios that have been shown previously to produce a channels ( Figure 3C , blue line; Model III, see Experimenfunctionally pure population of heteromeric CNGA2ϩ tal Procedures). This model suggests that the CNGA4 CNGA4 channels ( Figure 3C , the red arrow indicates the subunits have a high affinity for CNGA2 subunits during RNA ratio used elsewhere in this study; Shapiro and Zagotta, 2000). When higher RNA CNGA2 :RNA CNGA4 ratios assembly but cannot occur in more than a single copy Using this approach, we could determine which subof 3:1 was maintained over a range of RNA ratios that have been shown previously to produce a functionally unit is present in two or more copies in intact hetpure population of heteromeric CNGA1ϩCNGB1 chaneromeric channels at the membrane surface. For channels ( Figure 4C ; Shammat and Gordon, 1999). These nels composed of just two types of subunits, the data are also most consistent with a model where the experimental strategy is shown in Figure 5A . To test CNGB1b subunit has a high affinity for CNGA2 subunits CNGA2, for example, we have coexpressed CNGA2-during assembly but cannot occur in more than a single eCFP and CNGA2-eYFP, along with an untagged version copy in the channels at the surface membrane ( We quantified FRET efficiency using a spectrum approach ( Figure 5B; Clegg, 1992; Selvin, 1995; Zheng et  al., 2002, 2003) . Briefly, FRET was measured as emission of the acceptor (eYFP) during donor (eCFP) excitation with a 458 nm laser. The eYFP emission spectrum was extracted from the total spectrum ( Figure 5B, red line) by subtracting the eCFP component using a scaled eCFP spectrum collected from control oocytes expressing only eCFP-tagged channels (CNGA2-eCFP) ( Figure 5B , blue line). The ratio of the extracted spectrum (F458, green line) to the eYFP spectrum from the same oocyte with direct excitation with a 488 nm laser (F488, black line) was calculated as RatioA. RatioA was independent of wavelength ( Figure 5C ), confirming that the eCFP component was properly subtracted and we were operating in the linear range of the detector. The RatioA component due to direct excitation of eYFP by the 458 nm laser (RatioA 0 ) was measured directly from control oocytes expressing only eYFP-tagged channels (CNGA2-eYFP) and subtracted from RatioA, yielding a value (RatioA Ϫ RatioA 0 ) that was directly proportional to FRET efficiency.
We have first used FRET to determine the stoichiometry of CNGA2ϩCNGA4 channels ( Figure 6A ) and CNGA2ϩ CNGB1b subunits did not exhibit a significant FRET signal in their respective channels. This is despite a robust eCFP and eYFP signal from these membranes.
indicating that these subunits coassembled in the In addition, both CNGA4-eYFP and CNGB1b-eYFP received significant FRET excitation from CNGA2-eCFP heteromeric channels. In fact, the rapid inhibition by (p Ͻ 0.05), indicating that the CNGA4 and CNGB1b subcalmodulin of nearly all of the current in CNGA2ϩ units were assembled into heteromeric channels and CNGA4ϩCNGB1b channels ( Figure 1C ) strongly sugcapable of exhibiting FRET (Figure 6 ). These results indigests that virtually all of the channels are composed of cate that CNGA4 and CNGB1b are present in only a all three subunits. The absence of any detectable FRET single copy in CNGA2ϩCNGA4 and CNGA2ϩCNGB2b signal between CNGA4 subunits and between CNGB1b channels, respectively. Assuming the channels are tetrasubunits indicates that these subunits are rarely, if mers, they must therefore have a stoichiometry of 3:1, ever, present in more than a single copy each. These as also suggested in the fluorescence intensity ratio results, then, indicate the stoichiometry of the CNGA2ϩ experiments described above.
CNGA4ϩCNGB1b channels is 2:1:1 and is precisely This approach can also be used to determine the controlled. stoichiometry of CNGA2ϩCNGA4ϩCNGB1b channels, the composition proposed for the native olfactory chanMechanism of Precise Assembly nel. For these experiments, we coexpressed all three of Olfactory Channels types of subunits, with one subunit present in both an What mechanism of assembly can account for this eCFP-tagged and an eYFP-tagged form ( Figure 7A ). As precision? One clue comes from our findings from varybefore, the occurrence of FRET indicates that subunit is ing the RNA ratios. These data were consistent with a present in two or more copies in the channel. Significant mechanism where the CNGA4 and CNGB1b subunits FRET was seen between CNGA2-eCFP and CNGA2-both have a high affinity for CNGA2 subunits during eYFP (p Ͻ 0.05), but not between CNGA4-eCFP and assembly but cannot occur in more than a single copy CNGA4-eYFP or between CNGB1b-eCFP and CNGB1b-in the channels at the surface membrane (Figures 3  eYFP (Figure 7B ). However, FRET was observed between CNGA4-eYFP and CNGB1b-eCFP (p Ͻ 0.05), and 4). This mechanism suggests that the CNGA4 and 
CNGB1b subunits cannot self-assemble. We tested this
The results from this study suggest a plausible mechanism for the precise assembly of heteromeric olfactory prediction by recording from oocytes that individually expressed fluorescently tagged CNGA2, CNGA4, or channels with a stoichiometry of 2:1:1. In the abstract model in Figure 9 , each subunit interacts with its neighCNGB1b subunits. As seen previously, CNGA2 formed functional homomeric channels that produced large bors in a head-to-tail arrangement during channel assembly with a 4-fold or pseudo 4-fold symmetry. The ionic currents in inside-out membrane patches ( Figure  8A ). In contrast, CNGA4 and CNGB1b did not produce head-to-tail interactions between CNGA2 subunits are moderately favorable (indicated by gray shading in Figfunctional homomeric channels. Interestingly, CNGA4-eCFP and CNGB1b-eCFP could be detected at low levure 9A), allowing efficient homomeric channel formation. In contrast, because of differences in the head or tail els on the surface membrane ( Figure 8B ). The expression was approximately 5% of that seen for CNGA2-eCFP structure, the CNGA4 and CNGB1b subunits do not selfassemble. Instead, these differences make the CNGA4 channels and was significantly (p Ͻ 0.05) above background fluorescence. These results suggest that the and CNGB1b subunits interact more favorably with the CNGA2 subunit (indicated by black shading in Figure  CNGA4 and CNGB1b subunits can indeed reach the membrane surface, albeit inefficiently. 9A). Thus, CNGA2-CNGA4 and CNGA2-CNGB1b dimers might be expected to form first and then coassemble We next used our FRET approach to determine if the CNA4 or CNGB1b subunits that reached the surface to produce the tetrameric channel ( Figure 9B ). The result is that virtually all of the CNGA4 and CNGB1b subunits membrane were able to self-assemble. As expected, a significant FRET signal was observed in oocytes exare assembled into heteromeric channels and only excess CNGA2 subunits are available to form homomeric pressing only CNGA2 subunits (p Ͻ 0.05). Surprisingly, however, no FRET signal was present in oocytes exchannels. This is the assembly model fit to the RNA ratio data in Figures 3 and 4 (blue line) . If the CNGA4 and pressing only CNGA4 or only CNGB1b ( Figure 8C ). For all of these oocytes, the eCFP and eYFP fluorescence CNGB1b subunits can interact with CNGA2 using only their head or their tail, this could preclude inclusion of was significantly above background, indicating the presence of both donor and acceptor subunits in the more than one copy of each subunit in the channel, but still allow one copy of both (Figure 9 ). surface membrane. Furthermore, the lack of significant FRET for CNGA4 or CNGB1b could not be the result of Such a model, while speculative, might have a foundation in the channel structure. While a member of the lower expression of these subunits, as the method we employed expresses FRET as a ratio (RatioA Ϫ RatioA 0 )
voltage-gated family of channels, CNG channels do not contain a tetramerization domain (T1) in their aminothat is insensitive to changes in the level of expression (Selvin, 1995 and eYFP are independent. However, due to FRET, the observed removal of contaminations due to donor emission and direct excitaeCFP intensities were artificially reduced in our experiments. The tion of the acceptor, (2) it avoids errors arising from the transfer reduction of eCFP intensity is expected to be greatest in channels function of the recording system, variation in the quantum yield of having multiple eYFP-tagged subunits next to an eCFP-tagged subthe acceptor, or variation in the concentration of total fluorescence unit. 
The direct excitation component in RatioA, termed RatioA 0 , was in which ⑀ eCFP and ⑀ eYFP are the molar extinction coefficient for eCFP experimentally determined from oocytes expressing eYFP-tagged and eYFP, respectively. Once E eff was determined, the true eCFP channels. The difference between RatioA and RatioA 0 , (RatioA Ϫ intensity was calculated as RatioA 0 ), is directly proportional to FRET efficiency:
It is noted that (RatioA Ϫ RatioA 0 ) is independent of wavelength and provides a convenient internal check for linearity.
Modeling of Channel Assembly with Varying Subunit Ratios
Three models were considered in this study to describe the dependence of the subunit ratio on the RNA ratio. In the first model, we Fluorescence Intensity Ratio Analysis Different subunit types were tagged with eCFP or eYFP and coexassumed that when the two subunit species, X and Y, are coexpressed, they assemble randomly into all possible compositions pressed in oocytes. The covalent linkage ensured that the intensity of fluorescence observed was proportional to the number of subaccording to the binomial distribution. In this simple case, the subunit ratio, 
models. We applied the random assembly assumption to Model II as well. We further assumed that the Y subunit is present at most in a single in which C is a constant that equals C 1 /C 2 .
Similarly, coexpressing X-eYFP and Y-eCFP subunits yields a copy, that is, only XXXX and XXXY channels are formed. 
